Aimed at the limited energy supply and imperfect topological tolerance for underground wireless sensor networks, one energy-efficient random-walk scale-free topology model is proposed in this article, and a power network topology structure with adjustable rate index gets generated. At first, the network is divided into several clusters, and the cluster heads are selected with the use of random-walk strategy. During the growth of the network, with the introduction of preferred connection for scale-free network, together with considering both the node's residual energy and the distance among nodes, nodes with larger residual energy present higher connectivity probability, so that the energy balance of the network gets realized. Simulation results show that the communication among the cluster heads selected by the proposed random-walk scale-free topology model presents not only the power-law characteristics of scale-free networks but also has better stability, higher fault tolerance, and it can still balance the energy consumption for nodes and the network and therefore can prolong the lifetime of the network.
Introduction
The safety production of coal mine has always been a priority among all the priorities in coal mine work system, where the coal mine safety production monitoring system has always played an important role. First, in traditional safety monitoring systems, the installation and deployment of monitoring equipment usually adopt the mode of wire communication, which is complicated in wiring with fixed monitoring positions and locations and single network topology. It also demands for large amount of hand labor and is hard to satisfy dynamic changes in underground mine channels. Second, the traditional safety production monitoring control systems preserve low degree of intelligence and are not able to automatically adjust network structure according to the actual conditions, which means that it is apt to form the dead monitoring zone, resulting that the underground environmental information in coal mines cannot be mastered by the monitoring center located above the ground. Besides, in relatively harsh underground coal mine conditions, if the communication wires get damaged, the maintenance cost will be high and the production tasks may even get delayed. Therefore, traditional safety production monitoring system, which is based on wire communications, is hard Wireless sensor networks (WSNs) are distributed networks composed of large low-cost, low-power, multi-functional sensor nodes that are small in size and communicate untethered in short distances. They have broad applications in surveillance and monitoring of the environment, collaborative processing of information, gathering scientific data from spatially distributed sources for environmental modeling and protection, hazardous gases detection, and so on. 1 There is a special application scenario for WSNs, the underground supervision with long-chain-type topology, 2 such as the underground utility tunnels supervision 3 and the underground coal mine supervision. 4 For this kind of WSNs, the wireless communication environments are supposed to be closed or semi-closed, and the communication channels are supposed to be the fading ones. [5] [6] [7] Taking the underground coal mine supervision system as an example, the communication environment in coal mine is becoming more and more complex since the underground pressure, the high-level water pressure, and the coal mine gases are the main threats for the coal mine safety mining. 8 Topology control is the basis of WSNs' network construction and communication, which directly affects the performance of network's routing protocol, the time synchronization protocol, the localization protocol, and so on. The goal of topology control is to control the topology of the graph representing the communication links between network nodes with the purpose of maintaining some global graph property, such as the connectivity, while reducing the energy consumption and/or interference that are strictly related to the nodes within the transmitting range. 9 Study on complex networks is a newly emerging subject that focuses on the networks which have non-trivial topological features. The complex networks are maps of multiple nodes connected by edges, and many things in our daily life can be described by the complex networks, 10 such as the Internet, 11 the power grids, 12 and the World Wide Web. 13 From the study by Jiang, 14 if the node degree of nodes in the network obeys the power rate distribution, that is, p(k);Ck Àg , then the network is called scale-free network. Figure 1 shows the simulation diagram for a scale-free network with 100 nodes within the area of 100 3 100 m 2 , where the connection edges among network nodes are not uniform, some nodes with smaller degree, such as node 54, while some others with a larger degree, such as node 74.
It is mentioned in the study by Jiang et al. 15 that the typical complex network models, such as the smallworld and scale-free network models, show some characteristics that are beneficial in WSNs. It is the common characteristics between WSNs and typical complex networks models that motivated us to optimize the topology in underground WSNs with the use of complex networks theory.
In recent years, energy-saving topology control algorithm of network and nodes has become a hot issue. 16 Low-energy adaptive clustering hierarchy (LEACH) is well known because it is simple and efficient, 17 the nodes using LEACH are divided into clusters, and the advantage of LEACH is that each node has the equal probability to be a cluster head, which makes the energy dissipation of each node be relatively balanced. 18 To measure the communication cost in a cluster, Younis and Fahmy 19 put forward the hybrid energyefficient distributed (HEED) clustering approach and select the cluster head based on the residual energy.
It should be pointed that in some special cases, especially for the scenario in underground coal mines, the energy restriction of nodes is still a major problem since in many contexts it is hard to recharge the batteries or scavenge energy from the environment. Therefore, in order to ensure the stability of the network, it is an important task to design the topology with low-energy consumption and long life cycle. 20 Motivated by Xiangning and Yulin 18 and Younis and Fahmy, 19 considering the energy restrictions of nodes in underground WSNs, with the introduction of random walking mechanism, in this article, we put forward an energy-efficient random-walk scale-free topology model (RSTM), where the cluster heads are selected with the use of HEED algorithm, and the probability of a new node to the next node is determined by the residual energy and the distance between the two.
The organization of this article is as follows: section ''Energy consumption model'' introduces the energy consumption model for nodes in underground WSNs; the evolution of RSTM and the degree distribution features are analyzed in sections ''The evolution of RSTM'' and ''Degree distribution analysis,'' respectively; and the simulation results and the conclusion remarks are given in sections ''Simulations and analysis'' and ''Conclusion,'' respectively.
Energy consumption model
According to Liu et al., 21 the lifetime of the WSNs is determined by the survival time of the first failed node, and the lifetime of network is closely related to the network energy consumption. In this section, through the establishment of model of node's energy consumption, we try to find the relationship among the network energy consumption, the network residual energy, and the network degree and then apply this relationship to the priority connection selection in the scale-free network point of view.
In the WSNs, the energy of a node is mainly consumed by the data sending and data receiving. For node i, the energy needed to send l bits data is shown as
while the energy needed to receive l bits data is
where l is the length of data to be received or sent, k i is the degree of node i, d is the distance between the sender and receiver, and E elec is the energy consumed for sending and receiving per unit bit data. It can be seen from equations (1) and (2) that the energy consumption to send per bit data is greater than to receive per bit data, and the extra energy is caused by the amplification of sending data done by the amplifier. Moreover, the energy consumption of the amplifier is determined by the parameter e, the distance d between nodes, and the path loss index s. The values of e and s further depended on the distance d, when d is less than the distance threshold d 0 defined as
then s = 2 and e = e fs ; otherwise if d\d 0 , then s = 4 and e = e amp . Where e fs is the power amplification coefficient for the free space attenuation channel model, and e amp is the power amplification coefficient for the multi-path attenuation channel model. For any node i in the WSNs, the energy consumption is the sum of the energy consumption for sending data and receiving data. Therefore, the average energy consumption for node i is
Then, the energy consumption of the network is
where M is the number of nodes in the network. From equation (5), when E elec and l are all known, the value of E itotal is only related to k i and d. Thus, the energy consumption model of node i can be defined as the ratio of the energy consumption, denoted as E i (t), to its residual energy E i . Therefore, the energy consumption model for node i can be of the following form
Then, the energy consumption model for the network can be
where E s is the average residual energy of the network and is given as
In this article, we use 1=E s to evaluate the network lifetime t N , which is shown as
From equation (8), we can see that when we construct the network topology, the nodes' residual energy and the distance between nodes together with the node's degree determine the lifetime of the network. The greater the distance between the nodes d i , the larger the node's degree k i and the higher the node's energy consumption E i , thus the less the average remaining energy E s , the shorter the lifetime t N .
The evolution of RSTM
As the scale of underground WSNs are relatively large and the topology changes dynamically due to new nodes joining and old nodes dying, one layered network structure should be used for the WSNs. In this article, nodes in the WSNs are divided into multiple clusters according to the geographical positions or the density of nodes. Each cluster is composed of one cluster head node and many cluster members. The heads of lower clusters are the members of higher clusters. Cluster head is responsible for data forwarding, data fusion, and routing selection, while members in clusters are only responsible for data collection and communication with their cluster heads. In this article, we adopt the cluster head generation algorithm in HEED protocol proposed in the works of Xiangning and Yulin 18 and Younis and Fahmy, 19 and to make the cluster heads uniformly distributed in the WSNs, and we mainly consider evolutionary process of topology between WSNs' clusters in layered structure and generative process of our network model, and schematic diagram of nodes distribution and cluster heads of a WSN with 100 nodes in a 100 m 3 100 m area is shown in Figure 2 , where the communication range R is set as 30 m, the green circle indicates the sink node in the underground WSNs, red circles and black circles indicate cluster heads and the nodes, respectively; moreover, dotted blue lines indicate the communication edges among cluster heads and other nodes.
The evolution of RSTM is shown as follows:
1. Cluster distribution: with the use of HEED approach, all the nodes in the WSNs are classified into clusters and then the degree distributions of nodes are derived. 2. Initial network: it is formed by the base stations, the adjacent m 0 initial nodes, and the e 0 lines, where the base stations and the initial nodes are connected in pairs and all nodes are distributed uniformly in the distribution area. 3. Starting node: it is randomly chosen among the cluster head nodes during the random-walk process. 4. Node growth: for each time step, one new cluster head is added to the network and gets connected with m existing nodes, where m ł m 0 . 5. Priority connection: during each walk, the connectivity probability between the adjacent node i of the cluster head node j and the randomwalk node is dependent on its residual energy E i and the distance d i between these two nodes
and node i will get marked after the connection, and such procedure is repeated until there are m ł m 0 different nodes marked. 6. If the walk node gets repeatedly connected with one certain marked cluster head, then a new round of random walk will be started from this cluster head. 7. The new cluster head will become connected with m marked cluster head and the process will get repeated until all nodes in WSNs are mutually connected.
Degree distribution analysis
Suppose there are N cluster heads in the WSNs to be considered. The probability for cluster head j chosen as the starting point is P(j) = 1=N, and the probability of this cluster head j walking to its adjacent cluster head i is with the following form
where P(i=j) is the probability of random-walk node j to connect with its adjacent cluster head i after j has been taken as the starting point. Hence, we have
and
In equations (10) and (11), E i refers to current residual energy of node i, d i refers to the distance between node i and j, k j refers to number of adjacent nodes of cluster head j, and X where \E k j . is the mean value of residual energy of all adjacent nodes of node j; \d k j . is the mean value of distances between node j and its adjacent nodes. Similarly, P(i=j) can be expressed as
Summing up equations (9)- (11), we can get
where
Suppose that the new node n enters WSNs at time t, R n is denoted as the communication radius of the new node n; R 0 and R t as the network communication radius at initial time t = 0 and time t, respectively, then the improved prioritized growth process of the network can be shown as Figure 3 .
From what we have stated above, based on the continuum theory, 22 we can know that if node k i changes continuously, the rate of its change can be of the following form
Since all nodes in the network are uniformly distributed in the monitoring zone, the probability of new node n being adjacent to the cluster head is similar to the ratio of the communication range of node n to the area of the whole network, that is, R 2 n =2R 2 t , then, it can be calculated that
where N i is the number of node i in the WSNs at time t, R 2 n =2R 2 t is the size of adjacent node set L of new node n at time t, and \k. t is the degree of uniformity of nodes in the whole network at time t.
Motivated by Chen et al., 23 by virtue of the improved prioritized growth theory, the topology of a network with m 0 + t nodes and mt edges can be generated for every period t. Therefore, we can derive N t = m 0 + t, \k t . = 2mt=m 0 + t. Equation (16) can be simplified into
By substituting equation (16) into equation (15), one can get
where C in equation (19) is an arbitrarily chosen constant. By setting t i as the time when a new node i enters the network, together with the initial condition set as k i (t i ) = m, the differential equation (15) can get solved, and the expression of k i (t) has the following form
Therefore, p(k i (t)\k) can be expressed by
During the improved prioritized growth process, for each time interval, there is one new cluster head added to the network, which means that the entering of new cluster heads to the network is totally uncertain and arbitrary. Hence, t i is uniformly distributed in the range of (0, t), and the probability density function can be expressed by p(t i ), shown as
Combining equations (21) and (22), one can get
Then, the degree distribution of the network is
then, as t ! ', equation (24) can be simplified into
From equation (25), we can know that the exponent of RSTM model is 1 + 2=f (E, d), and thus, the distribution of network's topology degree follows the powerlaw characteristic, which means that the proposed topology model is a scale-free network.
Simulations and analysis
In this section, we will carry out the simulations on the degree distribution, the node's degree, and the residual energy. All the figures are drawn based on the mean of 100 runs. At each run, the simulation parameters are set as shown in Table 1 .
Simulation on the degree distribution
As a key characteristic of the network topology, the degree distribution relates directly to the safety and the stability of network. In section ''The evolution of RSTM'' of this article, the topology degree distribution formation in RSTM model has been analyzed using the continuum theory. When f (E, d) = 1, the degree distribution of the proposed RSTM model is similar to that of the Barabasi-Albert (BA) model proposed in the study by Barabasi and Albert. 24 In Figure 4 , the straight line refers to the theoretical values of degree distribution, and the scattering points indicate the actual values. It can be seen from Figure 4 that the degree distribution of the proposed RSTM model follows the power-law characteristics with the power exponent being 3, and the bigger the degree of nodes in the network, the smaller the probability p(k), which is well suited with the characteristics of the scalefree network. Therefore, the proposed RSTM model has good fault tolerance to the random failure of nodes in the WSNs. Figure 5 is the topology degree distribution of RSTM model when f (E, d) = 1 and f (E, d) = 0:5. According to theoretical analysis stated above, we know that when f (E, d)\1, the degree distribution among clusters in the WSNs follows the power-law distribution with the exponent being 1 + 2=f (E, d).3. From Figure 5 , we can see that the sparsity of the network will get decreased when the value of f (E, d) declines. Figure 6 shows the theoretical network degree distributions when Figure 6 , we can know that the WSNs' topology degree distribution p(k) is affected by the value of f (E, d). p(k) increases as f (E, d) increases, and the sparsity of the WSNs topology gets influenced; moreover, the larger the f (E, d) , the larger the probability of nodes being dominated by nodes with larger degrees, and thus the more irregular the network topology will be, the value of f (E, d) should be adjusted to realize the adjustment of network degree distribution so as to reach the demands of network characteristics.
The evolution of network's average degree and average residual energy Figure 7 shows the relationships between the node degree k and the residual energy of nodes, constructed by the BA model, the RSTM model when f (E, d) = 0:5, and the RSTM model when f (E, d) = 4, respectively. It can be seen from Figure 7 that the model constructed by RSTM model f (E, d) = 0:5 and f (E, d) = 4 has more node degree, meanwhile the corresponding residual energy is larger, while the BA model does not preserve this characteristic. This is due to the fact that for the BA model it evolutes the topology only considering the node degrees, but for the RSTM model, it considers not only the node degree but also the residual energy and makes those nodes with more residual energy the large probability to be connected with other nodes. The proposed RSTM model can avoid this situation: node with large degree fails fast due to the running out of energy, which means that the proposed RSTM model can balance the energy consumption and thus can prolong the network lifetime.
Conclusion
Aimed at the application of WSNs to the underground coal mines, taking into account the limited energy supply for nodes, in this article, we have proposed one energy-efficient topology control method RSTM based on the complex networks theory and the random-walk strategy. During the topology initial phase, the network is classified into several clusters, and the cluster heads are selected with the use of the random-walk strategy. When it comes to evolutionary stage, for any new node to join the network, the probability to connect it with other existing node is jointly determined by the existing node's residual energy and the distance between them, so as to avoid the failure of node due to the run out of energy. Simulation results show that proposed RSTM model conforms to the basic characteristics of scale-free networks, and it not only has strong tolerance to the random failure but also can prolong the network lifetime by balancing the node's residual energy.
As a preliminary study, this article just describes the general process of RSTM model and has not analyzed it systematically, which is the main task for our future works.
